Abstract. In 2005, a random survey was conducted across 14 million hectares of the Western Australian grain belt to establish the frequency and distribution of herbicide-resistant wild oat (Avena spp.) in cropping fields. In total, 677 cropping fields were visited, with wild oat populations collected from 150 fields. These wild oat populations were screened with several herbicides commonly used to control this weed. Most of the wild oat populations (71%) were found to contain individuals resistant to the ACCase-inhibiting herbicide diclofop-methyl. Resistance to other ACCase-inhibiting herbicides was markedly lower. Herbicides of alternative modes of action were effective on all wild oat populations. Overall, wild oat resistance to diclofop-methyl was found to be widespread across the Western Australian grain belt, but resistance to other herbicides was relatively low. Therefore, through diversity in herbicide use and with cultural management, it is possible to maintain wild oat populations at a low level and/or minimise herbicide resistance evolution.
Introduction
Wild oats (Avena spp.) are among the world's most common and economically damaging weeds of cropping systems. Globally, wild oats are major weeds of cereal crops where they represent a serious economic threat to crop yields because of their competitiveness, staggered germination, crop mimicry (similar phenology), seed shattering, and the ability of seed to persist in the soil seedbank (Medd and Pandey 1990; Jones and Medd 1997) . Wild oats often emerge throughout the growing season, yet many individuals mature earlier than the crop species they infest and their seed shatters readily before crop harvest. Early seed dispersal reduces the number of options to remove seed from the cropping system at harvest; therefore, there is almost universal reliance on early post-emergent, crop-selective herbicides to control wild oat in crop fields. Of greatest impact has been diclofop-methyl (since 1978) and subsequent related acetyl-CoA carboxylase (ACCase)-inhibiting herbicides. These ACCase-inhibiting herbicides have been widely used to selectively control wild oat in a range of major crops and their continued and widespread use has resulted in the evolution of herbicide-resistant populations in major cropgrowing regions in Australia, North America, and elsewhere in the world (see Owen et al. 2007; Heap 2008) .
While herbicide resistance is well known in wild oat, there are few studies which have quantified the geographical extent and severity of herbicide resistance across large regions. In Canada, field surveys of wild oat (Avena fatua) revealed the extent of resistance to ACCase and acetolactate synthase (ALS)-inhibiting herbicides (Beckie et al. 1999 (Beckie et al. , 2004 (Beckie et al. , 2008 Legere et al. 2000) . Work in eastern Australia reveals wild oat to be common in cropping regions throughout New South Wales and southern Queensland (Whalley and Burfitt 1972) , with more recent survey work revealing the development of herbicide-resistant wild oat (Nietschke et al. 1996; Broster et al. 1998) . There is, however, little quantitative information on the extent and frequency of herbicide resistance in Western Australia, although Paterson (1976) found Avena spp. to be widely distributed. Previous work has surveyed the frequency and extent of herbicide resistance in Lolium rigidum (ryegrass) and Raphanus raphanistrum (wild radish) in Western Australia (WA) (Llewellyn and Powles 2001; Owen et al. 2007; Walsh et al. 2007) . It is also important to quantify the extent and severity of the resistance problem in wild oat. Here, we report on a similar widescale survey of wild oat across the WA grain belt.
Materials and methods

Seed collection
Several co-existing wild oat species infest field crops. Previous work in the WA grain belt and elsewhere in Australia has revealed that wild oat infestations can comprise mixtures of up to 3 species: Avena fatua L., A. sterilis L., and A. barbata Pott ex Link (Whalley and Burfitt 1972; Paterson 1976) . In WA, Paterson (1976) found that A. barbata (50%) occurred predominately in the south-west in areas of high rainfall and on roadside locations, while A. fatua (47%) occurred predominately in areas of lower rainfall, with a shorter growing season and in cereal crops. A. sterilis occurred in a few isolated locations. A. fatua and A. sterilis subsp. ludoviciana (Dur.) G. & M. predominate in the eastern states (Whalley and Burfitt 1972) . In the 150 wild oatinfested fields surveyed here, it was evident that there was a mixture of these wild oat species. As it is difficult to visually discriminate among the species, hereafter the populations are generically defined as Avena spp. (wild oat).
Crop fields were surveyed over an 8-week period (October and November 2005), commencing in the north (where seed maturation occurred first) and progressing southwards just before the 2005 grain harvest. In total, 677 cropping fields were visited across the WA grain belt (Fig. 1) , encompassing a 14 Mha region. Crop fields were visited at random, with 5-km intervals (geo-referenced) in each of 15 agronomic zones (Fig. 1) in the grain belt (interspersed pasture fields were not sampled). These agronomic areas are coded as length of growing season zones from north to south (1-5) (based on mean daily temperature), and rainfall regions from west to east (H, high; M, medium; L, low) (based on annual average rainfall). Fields were surveyed by two people walking in an inverted 'V', 100 m into crop fields. Mature wild oat seeds were collected and bulked from many mature plants in the sampling path, and note was taken of the crop species being cultivated in each field. Wild oats were present in 291 fields but were only collected from 150 fields (in 141 fields, fewer than 10 plants were found in the sample path, which was considered insufficient to constitute a representative sample). During sampling, a weed density score was given to each sample field. This was done by visually estimating the number of wild oat plants/m 2 across the sample area (Table 1) . Wild oat was generally patchy across a field; however, in some fields (e.g. those with high density), wild oat was uniformly spread across a large area of the crop field. After field collection, the wild oat seed samples were stored in a non-airconditioned glasshouse over summer (December-March) to help relieve seed dormancy .
Resistance testing
During the 2006 and 2007 growing seasons (May-September), seeds of each of the 150 wild oat populations were individually nicked with 2 teeth tweezers to relieve any seed dormancy. Seeds were germinated in 500-mL plastic containers containing agar (1%)-solidified water. One dish containing 100 seeds was germinated for each population and each herbicide. Seed containers were kept at 2À38C (refrigerator) for a period of 7-10 days until the seeds started to germinate, then the containers were placed at room temperature for 2 days. Fifty seedlings of each population were then transplanted into plastic seedling trays (300 mm by 400 mm by 100 mm) containing potting mix (50% composted pine bark, 25% peat, and 25% river sand). Seedlings were grown outdoors (unless otherwise stated) at the University of Western Australia (UWA) during the normal growing season for this species and were kept well watered and fertilised. For almost all populations, germination (>90%) and seedling survival were high, ensuring that~45 individual seedlings in each population were screened with each herbicide.
When seedlings reached the 2-3 leaf stage, they were treated with herbicide (upper recommended field rates) (Table 2) using a custom-built, dual-nozzle cabinet sprayer delivering herbicide in 100 L/ha water at 210 kPa, at a speed of 3.6 km/h A range of wild oat-active herbicides was used (Table 2) to determine the spectrum of herbicide resistance. Survival was assessed 21 days after treatment. For diclofop-methyl, all surviving seedlings were cut back to a height of 30 mm at 21 days after treatment, allowed to regrow for 5 days, and then treated with the cyclohexanedione ACCase-inhibiting herbicide sethoxydim (Table 2) . Sethoxydim was applied to diclofop-methyl survivors because previous work has shown that plants can metabolise diclofop-methyl but not sethoxydim (Tardif and Powles 1994) , indicating target site resistance in the plants which survived both herbicide treatments. All ACCase and ALS-inhibiting herbicides were applied at the 2-3 leaf stage and plants were assessed for mortality 21 days after treatment.
For the pre-emergent herbicide triallate, 50 seeds of each population (seeds were pre-germinated and planted when the radicle was just visible) were placed on the soil surface in seedling trays (300 mm by 400 mm by 100 mm) containing potting mix, and treated with triallate (liquid formulation) using the same procedure as described above. Immediately after treatment, 10 mm of untreated soil was placed on the soil surface to prevent triallate volatilisation. Seedling emergence was recorded 21 days after treatment. Only seedlings that had reached the 2-3 leaf stage, and were of comparable growth stage with that of the untreated controls, were recorded as resistant.
For the mid-season treatment (usually applied in early spring), flamprop-methyl was applied to 4-leaf to early tillering wild oat seedlings. After treatment, seedlings were then placed in a controlled-temperature glasshouse (268C) for a period of 4 weeks because screening was conducted in winter months and the glasshouse reflected the temperatures when this herbicide is normally applied. Assessments were made 28 days after treatment and compared with untreated controls.
Known resistant and susceptible wild oat populations were used as controls for each herbicide treatment. In all experiments, with all herbicides, 100% mortality occurred in the known susceptible population, whereas with the known resistant populations there was always very high survival (>90%) with all herbicides used (data not shown). Herbicide effect was assessed by determining seedling mortality 21 days after herbicide treatment (unless stated otherwise). Wild oat populations were classed as resistant if 20% or more of the individuals in the population survived the herbicide. Where there was 2-19% survival, the population was classed as developing resistance. Where there was less than 2% survival, the population was classed as susceptible. Some populations were not screened with all herbicides due to a small sample size for these populations.
Results and discussion
Areas of wild oat infestation
Despite the almost universal usage of herbicides and other control measures practised annually in crop fields (including the 2005 growing season), wild oat was found to infest many, but by no means all, crop fields across the WA grain belt. The pattern of wild oat infestation varied according to location and rainfall. Of the 677 fields visited, 291 fields (43%) were visually infested with seed-producing wild oat plants. Table 1 shows that only 10% of fields contained seed-producing wild oat plants at a density greater than 1 plant/m 2 . Over half (51%) of the wild oat samples came from the H3, M3, L3 regions, with a further 30% of populations coming from the northern areas (Fig. 1) . The southern areas, particularly coastal regions, had very low wild oat infestations. Previous work in the WA grain belt (Paterson 1974 ) also found that the distribution of wild oats was patchy and related to soil type and rainfall. It is emphasised that this survey was conducted very late in the growing season, and almost all fields would have received early-season herbicide treatments to control wild oat infestations (which should have controlled most herbicidesusceptible plants). Therefore the survey reveals only the presence of wild oat plants reaching maturity.
The survey revealed, as expected, that wheat (Triticum aestivum L.) was the dominant crop growing in 420 of the 677 fields (62%), with the remainder comprising barley (Hordeum vulgare L.) (15%), cultivated oat (Avena sativa L.) (8%), lupin (Lupinus spp.) (7%), canola (Brassica napus L.) (6%), and field pea (Pisum sativum L.) (2%). A high proportion (97%) of the wild oat infestations at seed collection were in cereal crops (wheat 71%, barley 20%, cultivated oat 6%), indicating fewer control options available for wild oat in cereal crops compared with canola and lupins.
Resistance to ACCase-inhibiting herbicides Aryloxyphenoxypropionate herbicides (AOPP)
Screening of the wild oat populations randomly collected from fields in the WA grain belt revealed widespread resistance to the wheat-selective ACCase-inhibiting herbicide diclofop-methyl. Of the 150 wild oat populations sprayed with diclofop-methyl, 16% were found to be resistant, with a further 55% in the developing resistance category (Table 3 ). In total, 71% of the Fig. 1 ).
The survey revealed that resistance to other ACCaseinhibiting herbicides was markedly lower than that found for diclofop-methyl. Screening of 127 populations with the herbicide fenoxaprop (which is widely used for wild oat control), revealed that only 22% of the populations exhibited some level of resistance (5% classed as resistant, and a further 17% in the developing resistance category). These results contrast with diclofop-methyl, where 71% of populations displayed resistance. This difference is very likely due to the lengthy period of selection pressure imposed from the much greater historical use of diclofop-methyl across the WA grain belt. For example, diclofop-methyl is registered in both cereal and broad-leaf crops (lupin, pea, and canola) for both wild oat and L. rigidum control, whereas fenoxaprop is only registered for wild oat control in cereal crops. It is important to recognise that because the grass weed L. rigidum (ryegrass) is ubiquitous across this region ), diclofopmethyl has been almost universally used to control ryegrass. In contrast, fenoxaprop is only used for wild oat control and there has been much less overall use. This phenomenon is also evident in previous work, where some wild oat populations from Australia have a high level of resistance to diclofop-methyl but only moderate to low resistance to other ACCase-inhibiting herbicides (Mansooji et al. 1992; Maneechote et al. 1997) . Several different mutations of ACCase (Yu et al. 2007 ) and non-target site-enhanced metabolism (Maneechote et al. 1997 ) are known to endow diclofop-methyl resistance.
For the ACCase-inhibiting herbicide clodinafop, nearly all the wild oat populations were susceptible. Of the 129 populations screened with clodinafop, 125 populations (97%) were susceptible, with only 4 populations (3%) classed as resistant. It is noteworthy that these few resistant populations (WAA1, WAA2, WAA3, WAA4) were also resistant to many other ACCase-inhibiting herbicides tested (Table 5) .
Among individual field populations, there were large differences in the number of individuals surviving each herbicide, with resistance to diclofop-methyl the highest and clodinafop showing a similar level of control to the cyclohexanedione class of ACCase-inhibiting herbicides (see below). These differences are almost certainly due to different resistance mechanisms (enhanced metabolism and/or one or more different ACCase mutations), which will be present in different Avena populations (Maneechote et al. 1994; Wenjie et al. 2004) . For example, the presence of different ACCase mutations can each confer a different pattern and level of resistance to various ACCase herbicides within or between populations (Devine 1997; Yu et al. 2007) . Although the mechanism(s) endowing diclofopmethyl resistance cannot be determined from these whole-plant studies, we expect diversity in resistance mechanisms/mutations. Previously it has been identified that mutations of the ACCase gene or non-target site-enhanced metabolism can confer resistance to diclofop-methyl, and that both mechanisms can be present in the same resistant Avena individual (Maneechote et al. 1997) .
Cyclohexanedione herbicides (CHD)
All wild oat plants that survived diclofop-methyl were treated with the ACCase-inhibiting CHD herbicide sethoxydim. Plants are generally not able to metabolise sethoxydim, therefore resistance to this herbicide is likely due to target-site ACCase gene mutation(s) (Tardif and Powles 1994) . Of the 103 populations assessed as diclofop-methyl-resistant or developing resistance, only 12 (12%) of these populations were classified as resistant to sethoxydim, with another 12 populations in the developing resistance category (Table 3) .
For the CHD herbicide tralkoxydim, 95% of the tested wild oat populations were found to be susceptible. Only 8 (5%) populations were classed as developing resistance to tralkoxydim. These CHD-resistant populations tended to come from the northcentral and central grain belt (H2, H3, M2, M3, L2, L3) and the higher rainfall zones in the south (H4 and M5) (Fig. 1 , Table 4 ). Wild oat populations were also treated with the ACCase-inhibiting CHD herbicide clethodim. Of the 120 populations treated with clethodim, only 3 populations (3%) were classed as resistant or developing resistance, with all other remaining populations being susceptible. These 3 populations (WAA2, WAA3, WAA4) were resistant to most of the other ACCase herbicides tested (Table 5) . Overall, CHD ACCase-inhibiting herbicide resistance was low, with the clethodim-resistant populations confined to the M3 and M5 zones. The central zones were where wild oat populations were most common and at high densities (Fig. 1 ). There were 4 populations (WAA1, WAA2, WAA3, WAA4) that were resistant to most ACCase-inhibiting herbicides tested (Table 5) . As with the AOPP herbicides, there were marked differences in the level of resistance among CHD herbicides. Similar diversity in levels of herbicide resistance was evident among wild oat populations collected from the Red River Valley of Minnesota and North Dakota, USA (Mengistu et al. 2003) , and from cereal-growing regions of Turkey (Uludag et al. 2007 ). It must be recognised that crop fields receive different herbicide (and other) wild oat control treatments and therefore each field receives a somewhat unique evolutionary selection pressure. Thus, especially as wild oat is self-pollinated (gene flow by pollen is very limited), individual field wild oat populations under herbicide selection will differ from each other (unless there is seed movement).
Explanations for the differences in levels of resistance frequency to different ACCase-inhibiting herbicides must be made with caution. Previous work with ACCase herbicide resistance in Lolium rigidum establishes that the level of phenotypic resistance is dependent upon the rate and type of ACCase herbicide used, as well as the specific resistance mechanism and whether individuals are heterozygous or homozygous for the resistance mechanism (Yu et al. 2007) . Only by studying each population at the genetic and molecular level can these differences be elucidated.
Pinoxaden (Dens)
The survey revealed that resistance is rare to the recently commercialised (2006) ACCase-inhibiting herbicide pinoxaden. Only 4 (3%) populations had pinoxaden resistance, with 2 populations classed as resistant and a further 2 populations developing resistance. These populations came from the M3 and M5 zone (Fig. 1, Table 4 ) and were resistant to most other ACCase-inhibiting herbicides tested (Table 5) . Overall, 97% of the populations were found to be susceptible to pinoxaden. The resistance results to the den herbicide pinoxaden were very similar to those for clethodim and clodinafop. Again, the same 4 populations were resistant to 3 chemically dissimilar ACCase-inhibiting herbicides (Table 5) . As pinoxaden had never been used in Australia at the time of this survey, pinoxaden resistance had been selected by the use of other ACCase-inhibiting herbicides. Several but not all ACCase mutations are known to confer pinoxaden resistance (Yu et al. 2007) . Clearly, selection with earlier ACCase herbicides has resulted in the enrichment of ACCase mutation(s) that confer cross-resistance to pinoxaden.
Cross-resistance patterns across ACCase-inhibiting herbicides
The frequency of herbicide resistance across different ACCaseinhibiting herbicides was found to be variable. Many populations (43%) were found to be resistant only to the ACCase-inhibiting herbicide diclofop-methyl (i.e. they showed no resistance to the other herbicides tested). However, nearly one-third (28%) of the diclofop-methyl-resistant populations displayed resistance to other ACCase-inhibiting herbicides, whereas any wild oat populations with resistance to other ACCase-inhibiting herbicides were always resistant to diclofop-methyl. If a population was susceptible to diclofop-methyl, it was susceptible to all other ACCase herbicides tested. Crossresistance, while being variable across the ACCase-inhibiting herbicides, was greater for the AOPP than for the CHD herbicides. Approximately 16% of wild oat populations were cross-resistant to the ACCase-inhibiting herbicides diclofop-methyl and fenoxaprop (and diclofop-methyl and sethoxydim), whereas 
only 6% of wild oat populations were resistant to both fenoxaprop and sethoxydim. Less than 3% of wild oat populations were crossresistant to 2 or more CHD herbicides (data not shown).
No resistance to ALS-inhibiting herbicides
The wild oat populations were screened with two ALS-inhibiting herbicides, mesosulfuron from the sulfonylurea class and imazapic + imazapyr from the imidazolinone class. There were 116 populations treated with the herbicide imazapic + imazapyr, and 122 populations were treated with the sulfonylurea herbicide mesosulfuron. All wild oat populations were found to be susceptible to these ALS-inhibiting herbicides (Table 3) .
No resistance to herbicides with three other modes of action
Populations were treated with the herbicide glyphosate, the preemergent herbicide triallate, and the mid-season herbicide flamprop-methyl (Table 3 ). All populations treated with these herbicides were susceptible at field rates, indicating that wild oat populations with ACCase resistance are effectively controlled by these different herbicide modes of action.
Comparison with Lolium rigidum (ryegrass) from the same region
The frequency of resistance in wild oat found in this random survey across the WA grain belt contrasts with the much greater frequency and extent of resistance found in ryegrass across the same region. Wild oat was found to be present in far fewer fields, and resistance frequency was lower than in ryegrass, which was found to be present in almost all fields and almost always resistant (Llewellyn and Powles 2001; Owen et al. 2007) . Much greater resistance in ryegrass is understandable because ryegrass is a highly genetically variable, cross-pollinated species present at very high numbers across vast areas (it has been widely seeded as pasture throughout Australian grain-growing regions) . These factors favour ryegrass resistance evolution in comparison with wild oat, which is present in much lower numbers across limited areas, has less genetic variability, and is self-pollinated (which may help to decrease the spread of resistance due to reduced gene flow via pollen). Self-pollinated species often have less within-population variability due to lack of gene flow among plants (Murray et al. 2002) , but can also have a much greater among-population variability as they are usually highly variable genetically (Allard 1996) . This is due to genetic isolation, especially when individual populations are under different selection pressures due to management strategies. These biological and numerical differences between wild oat and ryegrass help explain why resistance is greater in ryegrass than in self-pollinated wild oats.
Future implications
This survey has revealed widespread wild oat resistance to the ACCase-inhibiting herbicide diclofop-methyl across the vast WA grain belt. However, resistance to other AOPP and CDH ACCase herbicides was relatively low. Alternative ACCase-inhibiting herbicides clodinafop, clethodim, and pinoxaden remain effective on 97% of the wild oat populations tested. Importantly, herbicides of other modes of action such as ALSinhibiting herbicides, glyphosate, triallate, and flamprop, also remain effective in controlling the ACCase herbicide-resistant wild oat populations. Thus, currently there is the opportunity to control wild oat by selecting from a diverse range of herbicide modes of action, acting at different stages of crop growth (preseeding, seeding, post-seeding, and late stem elongation). However, there should not be complacency, as previous work has identified Avena populations that have developed resistance to ALS-inhibiting herbicides (Beckie et al. 1999; Mengistu et al. 2003) , triallate (Kern et al. 1996) , and flamprop-methyl (Friesen et al. 2000; Broster 2004 ). Nevertheless, the availability of herbicide diversity means that herbicide resistance evolution in wild oat can be minimised through diverse herbicide usage and rotation, together with cultural management practices. The incidence of wild oat in crop fields can be managed by controlling Avena patches, as the patches do not spread rapidly (Thill and Mallory-Smith 1997; Murray et al. 2002) . By minimising seed set during the spring (e.g. cutting the crop early and baling for hay, which prevents wild oat from setting viable seed), the number of potentially resistant seeds being allowed back into the seedbank can be reduced. It is important to manage wild oat populations through diverse cropping/farming programs, diverse herbicide use, and integrated management strategies to sustain the efficacy of these herbicides and farming systems in the long-term.
